As in human populations, advances in nutrition and veterinary care have led to an increase in the lifespan of companion animals. Detrimental physiological changes occurring later in life must be understood before interventions can be made to slow or reduce them. One important aspect of human aging is upregulation of the inflammatory response and increase in oxidative damage resulting in pathologies linked to chronic inflammation. To determine whether similar processes occur in the aging dog, changes in markers of inflammation and oxidative stress were investigated in 80 Labrador retrievers from adulthood to the end of life. Serum levels of immunoglobulin M (p < .001) and 8-hydroxy-2-deoxyguanosine (p < .001) increased with age, whereas no effect of age was detected for immunoglobulin G or C-reactive protein unless the last year of life was included in the analysis (p = .002). Baseline levels of heat shock protein 70 decreased with age (p < .001) while those after exposure to heat stress were maintained (p = .018). However, when excluding final year of life data, a decline in the heat shock protein 70 response after heat stress was observed (p = .004). These findings indicate that aging dogs undergo changes similar to human inflammaging and offer the possibility of nutritional or pharmacological intervention to delay or reduce these effects.
Just as in the human population, advances in nutrition and veterinary care have led to an increase in the lifespan of companion animals. A 2012 survey in the United States estimated that 33% of the pet dog population was between 6 and 10 years of age with 15% older than 11 years (1). The detrimental changes that occur later in life are characterized by a declining ability to respond to stress, increased homeostatic imbalance, and increased risk of diseases ultimately leading to death. These changes are referred to collectively as senescence and must be understood before interventions can be made to slow or reduce their impact on quality of life. One important aspect of senescence is the upregulation of the inflammatory response and increased oxidative damage that manifest themselves as a low-level chronic proinflammatory state (2) . The consequences of such inflammation have been shown to be wide ranging in humans and include neurodegenerative disease and type 2 diabetes (3, 4) . The origins of this chronic inflammation are multifactorial but are postulated to be due in part to age-related changes in the immune system (2) .
In humans, age-related decline of the immune response has been termed immunosenescence and is well documented in dogs (5) . During this process, extensive remodeling takes place affecting both the humoral and innate immune systems. Cell functionality may be compromised and lymphoproliferation in response to mitogens such as concanavalin A and phytohaemagglutinin is reduced in dogs over 8 years of age (6, 7) . Phenotypic changes in the relative numbers of B cells, T cells, and their subsets in peripheral blood have been reported in aging dogs (7, 8) with alterations in the expression of cell surface markers of activation or memory (9, 10) . In a longitudinal study of diet restriction in Labrador retrievers, it was reported that earlier death was associated with lower lymphoproliferative responses to mitogens, reduced total lymphocytes, T cells, CD4-to-CD8 cell ratio, and higher B-cell percentages (8) . In older dogs, changes in B-cell populations have been noted to influence responses to antigens and vaccination (11) , whereas altered levels of immunoglobulin A, G, and M positive cells in peripheral blood and tissues have been observed (12, 13) . Collectively, these changes can result in chronic inflammatory cytokine production and slower resolution of inflammation after infection or assault (14) . The release of proinflammatory cytokines such as interleukin 1, interleukin 6, and tumor necrosis factor-alpha has been shown to rise with age in both humans and dogs (5, 15) and leads to a concomitant rise in circulating acute phase proteins (16) . One such acute phase protein commonly measured in longitudinal studies of inflammation is C-reactive protein (CRP). This protein is produced in response to inflammatory cytokines, primarily IL-6, but also TNF-α. The measurement of CRP has some advantages over that of cytokines in that it remains stable over prolonged time periods and has a half-life of 19-20 hours; thus, its synthesis rate is determined by the intensity of the inflammatory process (17) . Moreover, CRP levels are not affected by medications other than corticosteroids that directly affect the underlying inflammatory disorder, eating, circadian, or seasonal variation (18) .
A consequence of this pro-inflammatory state is tissue damage, which induces the production of reactive oxygen species (ROS) and in turn further oxidative damage (2) . To protect cells from ROS, cells produce endogenous antioxidants to quench these damaging molecules. In a canine lifelong study of diet restriction, lower serum levels of a number of antioxidants were associated with aging (19) . However, these authors urged caution in interpreting the data due to significant litter effects and lack of species specificity in the assays. A progressive decline in the ability to control oxidative damage may result in changes to cellular proteins, lipids, and nucleic acids (20) . DNA and RNA damage due to ROS has been postulated to play a central role in age-related loss of physiological function, including immunosenescence (21) . Cellular proteins are protected from oxidative stress by a range of physiological mechanisms, including a system of chaperones, termed "Heat Shock Proteins" (HSP) which promote the refolding or autophagy of damaged cellular components. If this system fails, an intracellular build-up of damaged protein occurs, triggering the production of further inflammatory cytokines (22) . The effects of this cycle of inflammation, tissue damage, and oxidative stress have become the focus of much research in an area of human biology dubbed "inflammaging." This process offers the possibility of multiple points of intervention where the process could be delayed or reduced. Before interventions can be identified and validated for the dog, further longitudinal studies to characterize the biological effects of advancing age are required. We hypothesized that similar age-related changes would occur in dogs as in humans, notably in markers of inflammation, immunosenescence, and oxidative stress. Here, we report findings from a prospective longitudinal study in the dog from adulthood to the end of life.
Materials and Methods

Experimental Design
In 2003, a longitudinal study was initiated with the primary aim of investigating the physiological effects of avocado extract supplementation in canine diets. A secondary aim was to monitor a range of measures in order to characterize aging in the dog. The study started when the dogs were adults and continued until the end of life. Two cohorts of dogs began the study with a prefeeding baseline period during which they were habituated to the facilities, and individual food allowances to maintain ideal body weight and body condition were established. After this period, dogs were randomized into two treatment groups and offered a diet with or without avocado extract concentrate. Measures were taken biannually until death. Hematological and serum biochemical profiles for all dogs housed at the former IAMS Pet Health and Nutrition Centre (Lewisburg, Ohio) were previously as part of a larger data set to compile healthy reference ranges for older dogs (23) , and data solely from cohort 1 dogs describing longevity and causes of mortality have also been published previously (24) . 
Animals
Animal Husbandry and Veterinary Care
Throughout the study, all dogs resided at the Pet Health and Nutrition Centre, Lewisburg, OH, USA and procedures were approved by the Institutional Animal Care and Use Committee. Dogs were housed in indoor pens with free access to outdoor runs throughout the day. Additionally, all dogs received daily socialization with a qualified animal welfare specialist and supervised daily outside exercise. Indoor kennel temperature was maintained at ~22°C (range 18-24°C), a relative humidity of 50% (range 40%-70%), and air flow between 10 and 30 changes per hour. Indoor living areas had a light/dark cycle of 12 hours on/12 hours off, from ~6 am to 6 pm and regular access to natural light via pen windows. Exercise yards contained enrichment devices, shaded areas, and a variety of dog toys were provided in the indoor pens and outdoor runs. The general health and overall condition of each dog were monitored daily by the animal care staff. Standard veterinary care and preventive medicine were maintained throughout the study (see Supplementary Material). Medical conditions were treated by the supervising veterinarian using standard veterinary protocols; however, cancer and severe, or life threatening, conditions were managed individually by the veterinary care team based on the dog's quality of life assessment. These assessments were performed using 10-point Likert scale ratings (25) to review food/water intake, pain/discomfort, mobility, hygiene, happiness, and number of "good days." End-of-life decisions due to medical conditions and/or declining quality of life were based on the recommendation of the supervising veterinarian in consultation with a team comprised of health care, husbandry, research staff, and nonstudy veterinarians. Humane euthanasia was elected when quality of life was determined to be poor and/or medical or surgical therapy was no longer effective. Four dogs died unexpectedly of natural causes without an end of life decision, for the purposes of analysis, data from these dogs were not treated differently.
Diets and Feeding
Dogs completed a prefeeding baseline period of 7-12 months (cohort 1: 12 months, cohort 2: 7 months). The diet fed during the baseline period represented a standard quality dry dog food that was nutritionally complete and balanced. After the prefeeding period, dogs were randomized 1:1 into two treatment groups and offered a nutritionally balanced dry diet with or without avocado extract (<.10%; Kemin Industries, Des Moines, IA, USA). All diets met Association of American Feed Control Officials recommendations (26) , for details of dietary composition see Supplementary Table 1 .
The daily food allowance for each dog was based on the number of kcal required to maintain each dog within an optimal body condition range. During the prefeed period, daily food allowances were adjusted as needed to ensure each dog was within their optimal body condition range. At the conclusion of the prefeed, daily food allowances were set for each dog and did not change unless warranted by a change in their body condition score (BCS) or for veterinary purposes. Assessment of BCS occurred on a quarterly basis by qualified graders using a previously described five-point scale (27) , a score of 3 was considered ideal. Between-grader agreement was assessed quarterly by calculation of a kappa score. A dog's daily food was changed if the quarterly BCS was ≤2 or ≥4. The maximum allowable change to an individual dog's daily food allowance was ±50 grams and this food amount was maintained until the next quarterly BCS assessment. The daily allowance of food was split equally between two 30 minute meals, am and pm each day. Food intake (grams) was recorded daily. Fresh water was available at all times in each housing unit.
Biochemical Measures
Serum CRP, IgG, IgM and 8-hydroxy-2-deoxyguanosine (8OHdG), and peripheral blood mononuclear cell (PBMC) intracellular heat shock protein 70 (HSP70) were measured biannually in January and July each year.
Blood was collected via the jugular vein into an SST serum separation tube (Fisher Scientific, Pittsburgh, PA, USA, Cat No. 02-683-148) early in the morning when dogs were in the fasted (>12 hours) state. After clotting, serum was separated by centrifuging at 3,000 × g for 8 minutes in a refrigerated centrifuge, harvested, stored at −80 o C, and analyzed within 2 months. CRP quantification was by canine-specific ELISA according to the manufacturer's instructions (ICL, Portland, OR, USA, Cat No. E-40CRP). IgG, the most abundant immunoglobulin in the body and a marker of the ability to sustain a humoral immune response, was measured by caninespecific ELISA according to the manufacturer's instructions (Bethyl Laboratories, Inc., Montgomery, TX, USA, Cat No. E40-118). IgM, the first antibody to appear in response to initial antigenic exposure, was determined using a canine-specific ELISA as recommended by the manufacturer (Bethyl Laboratories, Inc., Montgomery, TX, USA, Cat No. E40-116). According to manufacturer's instructions, 8-oxo-2′-deoxyguanosine (8OHdG), a marker of DNA oxidation, was measured using an EIA (Percipio Biosciences, Inc., Burlingame, CA, USA, Cat No. 21026).
As a measure of the ability to mount a response to cellular stress, levels of intracellular HSP70 were determined in PBMCs at baseline and after exposure to heat stress. Blood was collected from the jugular vein into a vacutainer blood collection tube containing lithium heparin (Fisher Scientific, Pittsburgh, PA, USA, Cat No. 02-689-7). Peripheral blood mononuclear cells were isolated by density gradient centrifugation using Histopaque1077 (Sigma, St Louis, MO, USA, Cat No. H8889) according to manufacturer's recommendations.
Isolated PBMCs were added to two microtiter plates (for basal and stimulated measurements) at a cell density of 1 × 10 6 per well. For the stimulated measurement, the plate was exposed to heat stress (47 o C) for 30 minutes before both plates were incubated at 37°C, 5% CO 2 for 24 hours. Cell lysates were then prepared and HSP70 quantified using an ELISA as recommended by the manufacturer (Enzo Life Sciences, Inc., Farmingdale, NY, USA, Cat No. ADI-EKS-700B).
For all measures, samples were assayed under similar experimental conditions and produced acceptable standard curves (R > 95% with <10% CV). All assays were duplicated and surrogate samples were used whenever available. All equipment was maintained with required preventative maintenance and calibration. All measurements presented in the current study were made within 1 month after samples were collected to avoid possible degradation of proteins. For all measures, raw data were censored only if a technical issue was identified and recorded at the time of analysis.
Statistical methods: When cohort 1 completed the study, interim analysis of combined data from both cohorts indicated no effect of avocado extract on any of the measures taken (see Supplementary  Table 2 ). Therefore, analysis of the effects of aging was carried out on the combined data.
Median age of death with 95% confidence intervals (CI) was estimated using a Cox proportional hazards model taking into account age of death and current age of surviving dogs (see Supplementary  Figure 1 ). Measures were analyzed using a joint model fitted using the joineR library in R v3.2.0 statistical software (28) . This comprised a longitudinal model (incorporating mixed effects to allow for repeated measures on a dog through time) and a survival model (incorporating association with survival time, to ensure missing data due to death or censoring did not lead to bias).This model was unable to allow for a nested random effects structure (ie, dog within cohort); therefore, noise due to cohort was not included as a random effect. Distributional assumptions were checked to ensure robustness of the statistical models by performing residual checks (eg, for randomness and constant variance). Residuals were found to have increasing variability for a number of measures and these were log 10 transformed prior to analyses. Diet was initially fitted as a baseline covariate in the survival model and age by diet interaction in the longitudinal model. Gender was included as a fixed effect in the longitudinal component of all models and identified as not statistically significant (p > 0.05) using ANOVA. Body weight and BCS were also included as fixed effects and identified as not statistically significant (p > 0.05). Further to this, body weight and BCS, when modeled individually were identified as not statistically significant in the survival component of the joint models (p = .217 and p = .313, respectively). When the effect of diet and its interaction with age had been established as nonsignificant, they were removed. To adjust for the inflated false positive rate due to the analysis of multiple measures, significance was tested against a Bonferroni adjusted level of 0.0071 (0.05/7). Resulting parameter estimates from the joint models were provided with 95% CI (obtained through bootstrapping with N = 1000 simulations). Significance was calculated assuming a t-distribution for the ratio of the parameter estimate and its standard error (as estimated from the bootstrap), with the degrees of freedom equal to total number of dogs. All data were included in the models, but figures present changes between 6 and 13 years as all dogs took part in the study between these ages. Analyses were carried out with and without data from the last year of life to minimize the influence of acute pathology and avoid reverse causality as suggested by Takata and coworkers in a study investigating inflammatory markers in healthy humans (29) .
Results
Survival analysis determined the median age of death to be 13.5 years (95% CI 12.7, 14.0). Necroscopies were carried out on each dog; four dogs died naturally, two of which were found to have underlying neoplastic disease. Twenty-eight dogs were humanely euthanized because of severely limited mobility; of these, 12 had underlying neoplasms, 26 had neoplastic disease, 5 gastro-intestinal, 4 renal/urinary tract, 2 neurological, and 1 respiratory disease.
When explored longitudinally, levels of CRP increased with age by 11.5% (95% CI −7.6%, 33%) between the ages of 6 and 13 years when the last year of life was excluded although this did not reach the levels of statistical significance (p = .275). However, when the last year of life was included, a significant (p = .002) association between CRP and age was detected (Table 1, Figure 1) , with concentrations estimated to increase by ~30% (95% CI 11%, 57%) between the ages of 6 and 13 years (Table 1) .
Although serum concentrations of IgG were observed to fall slightly with age, this was not found to be significant (p = .261), even when the last year of life was excluded (p = .525; Table 1, Figure 2) . However, the levels of IgM were estimated to increase by 38% (95% CI 24%, 53%) between the ages of 6 and 13 years. This increase remained significant when the last year of life was excluded (p < .001; Table 1, Figure 3) .
Irrespective of the inclusion of data from the final year of life, a significant (p < .001) positive association was observed between serum levels of 8OHdG and age. When data from the last year of life were included in the analysis, an increase of 51% (95% CI 34%, 78%) between the ages of 6 and 13 years was estimated (Table 1, Figure 4) . A significant (p < .001) decrease in baseline HSP70 was associated with age when intracellular levels of PBMC HSP70 were investigated (Table 1 ). This association remained significant when data from the last year of life were excluded (Table 1) and was estimated to represent a reduction of 86% (95% CI 57%, 80%) between the ages of 6 and 13 years. To a lesser extent, a reduction in heat stress stimulated HSP70 was also observed, representing an estimated decrease of 36% (95% CI 57%, 12%) between the ages of 6 and 13 years (when the last year of life was included, Table 1 ). This reduction was not statistically significant at the corrected level; however, when the last year of life was excluded from the analysis, a significant reduction was detected (p = .004; Table 1 ). As decline in baseline HSP70 levels was greater than the decline in levels induced by heat stress, the difference between the two increased significantly with age (p < .001; Table 1, Figure 5 ).
Discussion
To characterize aging in the dog, changes in markers of inflammation and oxidative stress were investigated from adulthood to the end of life. Serum levels of IgM and 8OHdG increased with age, whereas no effect of age was detected for IgG or CRP unless the last year of life was included in the analysis. Baseline levels of PBMC HSP70 decreased with age while those after exposure to heat stress did not change significantly unless data from the final year of life were included in the analysis. In a number of mammalian and, indeed, invertebrate species, such changes have been reported to be associated with chronic low-grade inflammation in a process referred to as "inflammaging" (5) . A study in Caenorhabditis elegans, an important model for studying the genetics of aging, indicated a gradual, age-dependent decline in the number of cells positive to anticytokine polyclonal antibodies, thus suggesting that cytokine-like molecules cross-reacting with antibodies raised against human IL-1a, PDGF-AB, and TNF-α, exist in lower invertebrates and likely play a role, in worm aging and lifespan (30) . A number of mechanisms related to age have been proposed to underlie these changes including immunosenescence, the effects of increased visceral adipose tissue, decline in production of steroid sex hormones, and accumulative oxidative damage. CRP is produced by the liver in response to proinflammatory cytokines including IL-6 and TNF-α and is a sensitive, although non-specific, marker of inflammation in both human and the dog (31-33 ). In the current study, canine serum levels of CRP increased with age, although only reaching statistical significance when the final year of life was included. An association with age has been widely reported in the human population, where older people have levels within the normal range but higher than those of the younger population (32) . Little information is available for the aging dog, but in agreement with our findings, one cross-sectional study in healthy beagles of various ages observed no age-related differences in CRP levels (34) . It may be that dogs display a smaller increase in inflammation (as indicated by CRP) with age than is the case in humans while variability may be greater making small effects more difficult to detect. It is also possible that in dogs, other acute phase proteins, for example, serum amyloid A, are more informative of the inflammatory state than CRP as has been suggested recently (35) . The loss of statistical significance when data from the final year of life were excluded may be unsurprising as elevated levels of CRP have been noted to be indicative of several acute diseases diagnosed in the study dogs including, malignant tumors (16) and increased CRP concentrations have previously been associated with poor clinical outcomes and death in dogs (36) . It remains unclear, however, whether increased levels of CRP, or the particular cytokines which induce its production, are the direct causes of adverse effects or are the result of existing pathologies.
Immunosenescence and accompanying immune dysregulation have been associated with physical impairment in the elderly human population (37) . This loss of function is likely to be mirrored in the dog as similar age-related changes occur in both the immune systems of both species (5). For example, alterations in B-and T-cell repertoires have been reported in both aging humans and dogs (7, 8, 37) . As in elderly humans, older dogs exhibit changes in B-cell populations which influence immune responses to antigens and vaccination (11, 12, 38) . In studies of aging humans, there is evidence of a reduction in B-cell progression to memory cells, which leads to an overall reduction in the numbers of IgG producing cells and reduced circulating levels of IgG (37) . This is in contrast to findings in aging mice where levels of IgG increased with age and isotype ratios changed with increased IgG1:IgG2a indicating changes in the humoral immune pathway (39) . In agreement with a number of previous canine studies, here, little change in serum IgG was observed with age (9, 12, 40) . Although in the current study levels of IgG were maintained, a shift with age toward increased levels of IgM did occur. In humans, expression of B-cell transcription factor E47 decreases with age (41) . This factor regulates activation-induced cytidine deaminase expression lowering levels critical for class switching and antibody production (37) . Impaired class switching leads to higher levels of IgM and reduced levels of IgG (37, 41, 42) . This imbalance in humans has been shown to leave individuals vulnerable to infection and unable to mount an adequate response to vaccination (39, 41, 42) . Similarly, studies in older dogs have suggested that the primary response to novel vaccines may be compromised (12, 38) . This could be indicative of a reduced ability to switch the primary IgM response to a longer lasting IgG response leading to the lower vaccine efficacy and increased vulnerability to infection well documented in elderly dogs (12, 38) . Current results are limited to changes in total IgG and IgM levels rather than individual isotypes, but to better understand the overall picture of humoral immune responses during canine aging, it would be essential to study changes of other isotypes and immunoglobulins, for example, IgA and IgE in future studies.
Increased oxidative stress, resulting from an imbalance between the production and exposure to ROS and the host's antioxidant defenses, is one proposed cause of senescence (43) . If ROS are not cleared effectively, cellular damage to proteins, lipids, and nucleic acids occurs, ultimately resulting in cell death. When nuclear and mitochondrial nucleic acids are damaged by free radicals, oxidative derivatives are formed, the most abundant of these being 8OHdG, the oxidation product of deoxyguanosine. To protect the cell, 8OHdG is excised by cellular repair systems and can, therefore, be measured as a biomarker of oxidative damage (44) . Serum levels of 8OHdG have been reported to be associated with a number of degenerative conditions including Alzheimer's disease, arthritis, and type II diabetes (44, 45) and to increase with age in both humans and mice (46) . In the current study, we also observed a significant increase in the serum levels of 8OHdG with age. This increase could be a causative factor in a number of canine age-related diseases. For example, geriatric dogs exhibiting behavior related to cognitive dysfunction have been found to have 8OHdG levels which correlate with both age and dementia scores (47) . Increased oxidative stress and serum 8OHDG levels have also been implicated in immunosenescence and chronic inflammation (48) . Oxidative stress induces intracellular protein damage, which is encountered in a number of ways, including by HSP chaperones that promote protein refolding or autophagy (49) . HSP70 is one of the key chaperone proteins that recognizes and transfers severely damaged proteins into the lysosome for degradation (49) . This chaperone is constitutively produced intracellularly, but expression is upregulated after cellular stress, for example, heat or oxidative stress. In the current study, we observed an age-related reduction in baseline levels of intracellular HSP70 in a mixed population of PBMCs. Such a reduction has been reported previously in mice where tissue HSP70 basal levels show age-related changes (50) . Here, levels of HSP70 after exposure to heat stress also declined with age, but to a lesser extent than baseline levels, only becoming statistically significant when data from the last year of life were excluded. This finding may suggest that HSP70 expression is increased when underlying pathology is present. If the baseline and heat stress responses are compared, with the caveat that they were not measured in the same assay plate, it would appear that with age the ability to produce baseline levels becomes impaired while the ability to mount a response to an acute stress is maintained. This profile may also be apparent in aging humans as while an age-dependent decline in primary cell HSP70 expression has been reported (51), the ability to mount a cellular heat stress response comparable with that of younger adults has also been noted (52) . These observations may suggest that an adequate stress response is advantageous to survival and therefore preserved into old age even when constitutive HSP70 levels decline. The observation that the ability to maintain the HSP70 response to stress is particularly marked in human centenarians, and long-lived mice may also supported this (50, 53) . The consequences of reduced HSP70 levels have not been well characterized in the dog; however, they have been linked to cognitive decline and neurodegeneration (54) . Intracellular HSP70 has also been noted to have a number of anti-inflammatory properties and can reduce responses to pro-inflammatory cytokines such as TNF-α and IL-1 by blocking activation of NFκB (54, 55) . Lower levels of intracellular HSP70 could therefore result in raised proinflammatory cytokines and hence the chronic inflammation associated with senescence and aging.
The aim of this study was to characterize the effect of aging on markers of immunosenescence and oxidative stress in the dog. The majority of studies of canine aging have been cross-sectional in design and therefore infer changes over time by looking for differences between age groups. Here, we present data from the first longitudinal study of this size and power, allowing changes with time to be detected and followed under controlled conditions. Although all the individuals in the study were apparently free from gross pathology affecting their quality of life, minor conditions will have been present in individuals which could act as a confounding factor. However, the study was adequately powered and appropriately analyzed statistically to avoid undue bias. To reduce this risk further, data were analyzed including and excluding the final year of life as described by Takata and coworkers (29) . As the study cohort was made up of dogs receiving nutritionally complete diets, with high standards of husbandry and veterinary care, the changes observed with age were small and therefore represented a slow move away from homeostasis. Such small changes could be influenced by minor differences in assay performance over time and this should be considered when drawing conclusions from the data. In the current study when assay performance issues were clearly identified at the time of analysis, the affected data points were censored. However, to avoid bias, no data were removed retrospectively; therefore, unidentified changes in assay performance could be a confounding factor. One advantage of a cross-sectional design is that it allows all samples to be analyzed at the same point in time; however, in longitudinal designs such as ours, samples have to be analyzed in batches to avoid issues of analytic stability, thus interassay variability can be encountered. It is therefore important that appropriate quality control standards are in place that can be applied to sample analyses over the duration of the study. Our findings are only representative of aging Labrador retrievers, although it is likely that they can be applied to the dog in general. However, breed differences in immune parameters have been identified previously (6) , and therefore, variation in how these change with age could also occur. Further studies would be required to determine if our findings are applicable across breeds. Although the dogs were kept in conditions as close to those of pets as possible, it is unclear whether our observations are representative of pet dogs in general.
Our data suggest that aging dogs undergo a change in immunoglobulin production and the ability to respond to intracellular oxidative stress. Furthermore, our findings demonstrate an age-related increase in oxidative nucleic acid damage and inflammation. To the best of our knowledge, it is the first time that such observations have been made in a longitudinal canine study of this size. Our findings indicate that as in humans, aging dogs exhibit a profile of changes indicative of "inflammaging," a chronic stimulation of the immune system and reduced ability to respond to infections or stresses such as ROS. It is clear that this process contributes to the canine aging process. The pathophysiology of inflammaging is therefore of great therapeutic importance offering multiple targets for interventions to defend against and delay its effects. For example, there may be a need to optimize vaccination protocols for older dogs and to support their defenses against ROS by supplementation with antioxidants. Although many interventions have been suggested to address facets of inflammaging, a combined approach may be more effective in slowing the proinflammatory cycle. Although aging is unavoidable, the development of such strategies to support this process is essential to promote a long and healthy old age.
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